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ABSTRACT 

This technical letter contains a brief review of the operations 

whi ch ar e i nvolved in digital processing of array seismic recordings 

by the methods of velocity filtering, summation, cross-mu~tiplication 

and integration, and by combinatio s of these operations (the ~'UK Method" 

and mul t i ple correlation ) . 

Exampl es are presented of analyses by the several techniques on 

array recordi ngs which were obt ained by the U. S. Geo ogical Survey 

during chemical and nuclear explosions in the western United States. 

Seismograms are synthesized using actual noise and Pn- signal 

recordi ngs , such that the signa -to~noise ratio, onset time and velocity 

of the si gnal are predetermined for the synthetic record • These records 

are then analyzed by summation~ cross~multiplication» multiple corre ation 

and t he UK t echnique , and the results are compared. 

For all of the examples presented~ analysis by the non- lin.ear 

t echniques of multiple correlation and cross=., ltip ication of the 

traces on an array recording are preferred to a."la .... yses by the linear 

oper ations involved in summation and the UK ~-1e·thod . 



I . INTRODUCTION 

In seismological studies whi~h involve the ~~e of single=seismometer 

recordings 9 arrivals or phases can be detected only by ch~nges in t he 

character of the recording (i . e . D a change in amplUl.llde or freqj\lllen~y or 

both) . The detection or identification of seismic signals which are 

obscured by noise can be improved by arranging seismometers in gro~ps or 

arrays . On array recordingsD in addition to changes in signal character 

on the individual traces 9 the ~riterion of coherence of the signal from 

t race to trace can be l.llsed for identification. To dev®lop the ~sefulness 

of the array to its f~ll potential 9 t®~hniques of analysis w~ich take 

into account various known 9 or anticipated 9 properties of the signal or 

noise (cross=correlation 9 velocity filtering 9 noise predi~tion 9 etco) 

can be applied to the record$. 

The theoretical problem of enh~n~ing a $ign~l by ~ombining in w~rio~~ 

ways the output of indiwtd~al detector$ in an ~rray h~$ been treated in 

connection with specific communication proce$$eS (Kra~s 9 1950) and al$0 

in general communication theory (tee 9 1960; Bla~kman and ~key 9 1958p 

Berman and Clay 9 1957). Detailed theoreti©al ~on~ideration~ of array 

proce$sing a~ r elated ~o the $pecific problem of $®i~mi©o$i~n~l detection 

were rec~ntly pre$ented a@ a VELA UNIFORM re~ort to the Air For~e Techni©al 

AppU.cat:f.ons Cerntell: 'by T~Xa$ ln@tr1\llm®nt~ Irncorpe>rated (Jl.96ll.)o 'lrhe wariol.ll$ 

theoretical it~di~$ indicate sewerall. appll:oa©he~ ~hi~h might be fruitfMl in 

identifying $eiwmi~ ewent$ on array recording$ 9 but it i$ diffi©1\llll.t to 

predict 9 on pur~ly theoreti~al ground~ 9 the improwement ~hich ~oull.d be 

obtained in applying a giw~n techni~~e to a giwen grol.llp e>f data. 
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The usefulness of one type of pro~e~~ing 9 or t he adwan~age of one method 

over another 9 is dependent upon sew~ral fa~tors~ ~h~ nature ~f the 

signalp the natur e of the noise 9 and the ~oheren~e of the no!$~ from on~ 

detector to another . On records of blaats made by the u, s. Geologi~a l 

Survey 9 these parameters are practically unpredi~table and wary 

considerab ly from one recording l ocation t o another. 

Applications of array=pro~es~ing te~hnique$ t o seismic recording~ 

of earthquakes and blasts have been limited. A method t hat invo l ves 

velocity fil tering 9 8u~tion and cross=correlation of array signal~ 

has been used recently by workers of the Uni t ed Kingdom Atomi c Energy 

Authority 9 and this method has produced reau lts whi~h ~eem t o r epresent 

a striking improvement in the detection of events on array sei$mograms. 

This technical letter is a preliminary repor~ o~ the digital~ 

processing techniques that have bea~ appl ied to date o~ re~ord$ obtai~ed 

by the u. S. Geological Survey. The present result$ are still too 

sketchy and few in number to lead to the se le~tio~ of a ~ingle method 

or combination of method$ i~ t he routine pr~~e~~i~g of our re~ord~ . 

Some of the techniques have significa~t ly impro~ed o~r abi l i t y to pi~k 

pha~es on noisy records and t o identify weak or mixed ~i~nal ~p however 9 

and our work t o date ha$ i ndi cated the dir ection in whi~h we ~hould 

proceed in developi~g a practi~al ~y$tem of digital pro~e~~ing of ar ray 

seismograms. 



II. DIGITAL PROCESSING OF ARRAY RECORDINGS 

We shall consider a linear array of N ewenly=~paced aei~momete e~ 

making an angle~with the direction toward the source. If the spa~ing 

between the seismometers is d P a wave traveling outw2rd from the source 

with apparent velocity v and arriving at the f irst sei~mometer at time 

t
0 

will reach the i~th detector at time t • t
0 

+ (i~l) d cos ~ /v. 

The output of the array will consist of N time functions . f .( t )~ 
1 

1 ~ i ~ N » each containing the de !aired s ignal phl!S unwantted nohe. 

If the frequen~y content of the signal i s approxim~tely known » 

then some initial improvement of the signal=to~ noise ratio of the recording 

can be obtained by filtering the fi(t )P using a pass~band equal to the 

anticipated frequency range of the signal. We shall des ignate the 

filtered trace s as gi(t). 

After the initial fi ltering~ the recording can be further improved 

in many instances by appl ication of one or more of a number of linear and 

non= linear processes. One of these is the process of v~~ locity filte ring 

and summation of all the g1(t)~ which can be expressed by the equatio~ 

(1) 

where $"t 1 ., (i - 1) d cosoe /v. 

I f the time f unctions g1( t) have mean value~ of zero and contain no 

long-period trends. then a second operation which ~an be U$ed f or s ignal 

enhancement is that of multiple ~orrelationo In MMltiple correlation the 

traces are shifted and multiplied together~ and the re~ulting time eeries 

is smoothed by i ntegrating . 
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( N ewen) (2 ) 

and the smoothing i s e%pressed by 

m 
uv( t) ,.. 2: Pv( t + j A t). (J) 

J"'O 

whereAt is the i nterval ~sed in digitizing t he re~ord ano m is the 

lengt h of i ntegration. 

In multip l~ correlaticn 9 if the g1(t) are ~oherent fr~m trace 

to trace (and if N is ewen) the time $eries Pw(t~ will b~ po$!tive 9 

but for random noi se or noise which does not cor relate for the velocity 

generated by noi se will tend to can~el 9 provided m i s tak~n large 

enough 9 but for a coherent signal of suff icient durat ion (i .e. 9 a few 

cycles ) uw(t ) wil l attain large po~itiwe walues. 

The results of multiple ccrrelation 9 in ~ontra$t to those of 

care is taken in the preparation and $election of the tra~e$ for 

of symmetry ( or presence of a long=period trend) of one or mor e of 
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amplitudes to appear in Pv( t ) 9 and as a r esu lt p in the final correlo-

gram uy(t). A trace which i s out of phase with the other traces ( a s 

with a very noisy t race) might obscure the coherence of all or par t 

of the desired signal. When records are carefully selected and prepared 

for multiple correlation calculations 9 however 9 this t echnique appears 

to be very power ful in the i dent ificat i on of phases ~hich are either 

obscured by high background noise or which contain amplitudes too small 

to be reliably identified on the original r ecording. 

A third tt:echniqi!Je (the "UK Method" ) combines t he tt:~Wo operattions 

and the traces of each group are shifted and summed accordi ng t o eq at i on 

(1). The method of separat ion is arbitrary : group I 9 for examplep might 

consist of traces 1 to N/2. or of a l l the odd=numbered t r aces . Since the 

seismic noise on our records is usi!Jally not coher ent o~er ~i~tan~e~ of 

several hundred meter s» the method of combining the odd= and e~en=ni!Jmbered 
,. 

traces into two groups i s pre ferred to a combina tion involving adjacent 

trace so 

m 

zv(t) ... L s 1v(t + jj A.t) · ~2v( t + j .At) . 
j•l 
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The UK Me t hod ha s the advantage t hat t he s ignal~to-noise problems 

ment ioned above in connection with dead or no isy traces can be taken 

into account by summing before the cro:ss=corr elat i on . In a detect i on 

scheme , therefore, thi s me t hod mig .. t be better suited for phase 

detec t i on by rout ine analysis of array r ecordings. w ere the records 

are no t fi r s t subjected to specia l de-tr ending , selec t ing, and 

filter ing operations. Calculations of the mul t ip l e correlation t ype , 

however , have h i gher ve locity discriminat i on than t he UK Method 

(veloc ity di scrimination i~> ana logous to 11direc::ivity" ir. Berman and 

Clay , 19 57) , and . with some prelimi nary trea tment of th: data, might 

be pre ferr e d t o the UK technique for routine phase de tection . The 

sense of f i r st motion of a phase (compression or dilatat ion) might be 

determined by s imple summation of the shifted ~races after the 

approximate arrival time of the phase had been identified by one of 

t he ot her methods . Examp les of the three t ype s of operations are 

shown in figur e 1 . fo r a six-element array. 
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Figure 1. Examples of the operations described i~ $ection I I . 

(a ) the UK Method; (b ) == multiple correlat ion 9 

(c ) s~ation . 
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III. SELECTED RESULTS OF ANALYSIS 

Re sults of analyse s of several of the U. S. Geologica l Survey array 

recordings are shown i n figures 2-9. 

Much of the prel iminary analysis and program development \M S carried 

ou t using digi tized ampl i t udes of a record (QDlS) which was obtained 

during the "HARDHAT" explosion (15 Feb, 9 1962} a t a distance of 991 

kilometer s ( near Pueblo , Colorado ) . Digi tization of this record ( and 

of the r ecords descr ibed below) was accomplished using a photographic 

playback of the magnet ic tape r ecord ing of the event ; a samp l ing rate of 

50/second wa s used. The port i on of the seismogram which was di gitized 

is shown in figure 2 » toge ther tvith the results of analysis by summation » 

multiple correlation and the U. K. technique . The point in time at t'hich 

the Pn arrival was picked by eye is designated by "(a)" in the figure . 

Several points shou ld be ment i oned regard ing f igure 2 . The most 

important o f the se is that a greater por tion of the background oise 

preceding the onset of the signa l should have been included in the digi ta l 

data . The lack of analys i s of a sufficient quantity of background noise 

weakens the conclus i ons \vhich follmv, regarding tl e identification of a 

relat ively long-period s ignal which precedes point (a) on the seismogram. 

By shifting and summing the six trace of QDJ.5 for an appare1t 

velocity of 8.0 km/sec (lower-left plot in figure 2), the arrival at po "n t 

( a) i s sharply enhanced 9 and i s seen to signal the onset of a 3-c ps train 

which continue s for abou t a second . here i s an additional suggestion in 

this plot of a weak forerunner , which precedes point (a} and contains a 

frequency of about 1.8 cps . s~ch a fore r unner , preceding the higher= 

fr equency arrival by about a second» might bs expected at this di s tance 
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DIGITAL ANALYSES OF AN ARRAY RECORD 
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on the basi s of t ravel=time data a t other recording locations, 

However , the identi f ication o f such an arrival on the summation trace 

in figure 2 is questionable, due to t he absence of a longer sample of 

background noise . 

In the lower- righ t-hand corner of figure 2 are shown the r esul t s 

of calculat ions corresponding t o equations (3 ) and (4 ) of section I I . 

The "correlation fu nc t ion" shown on the ordinate of the pl ot represents 

relative values for u8 . 0(t) and z
8

.
0

( t) i n equations (3) and (4) 9 

respectively. Both of the techniques have "picked" the 3- cps arrival 

at point (a), and the plot of z8
•0

( t) is seen t o rise very sharply at 

a point corresponding t o t he c r est of t he second leg of thi s arrival . 

The sharp onsets and extremely large amplitudes ob t ained by mu l t iple 

correlation will be shown below to be a function of the cros s- mult i 

plication of the s ix traces. These sharp onset s in correlation do no t 

correspond i n time t o zero-cros sings of the original record , but to 

times of maximum amplitude s of the s ignal. 

The correlograms in figure 2 do not indicate the longer-period 

forerunner mentioned above in r e lation to the results of summat ion , 

The correlogram fo r v = 9 .5 km/ sec (not shown ) does, however , indicate 

an arrival at t = 1. 05 seconds . The amplitude of t he correlation 

function , z9 . 5(t) , for this arrival would have a va lue of 0.35 on t he 

scale i n f i gure 2 , and th i s ampl itude r emains constant unt il t he 

correlat ion func tion increases at point (a). For the rea son s tated 

above, this early pick is not cons idered to be overly reliable ; a 

longer sect ion o f QDlS i s presently being digitized in orde r t o study 

the significance of t he early arrival. 
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The resu lt of an attempt to identify Heak arrivals by multiple 

correlation i s shown in figure 3 . The seismogram in this figure 

(JDlS) wa s made during the "HARDHAT" explosion ~ at a di s tance of 61.8 

kilometers ( near Monticello , Utah) . As \-lith t he previous example , 

an insufficient amount of background noise was i nc l uded in the digital 

data, and the fir st arrival picked by the correlation program (point 

(a) on the corre logram ) should . be cons idered questionab l e . The shar p 

onset at (b) wou ld correspond , on the trave l-time curve. to the earl y 

pick - - the long- period forerunner -- on QD15. This arriva l wa s 

identified by eye on the original recording be for e the multiple 

correlation calculat ions were made; it tva s , however , listed as a 

"very poor " pick. On the basis of the arrival time and di stance for 

this explosion, for a short - period Benioff s t ation at Durango, Colorado 

(supplied to the USGS by Dr . Car l Romney of AFTAC ) , the onse t of P0 

might be expected at t = 2.2 sec ond s on the record in figure 3 (No t e: 

The times on this and other correlograms are referred t o the fi r s t , 

or upper , trace of the seismogram. Since the value of m was taken to 

be 50 in the smooth ing operation in equation (3), no va l ues of the 

correlation function were calculated corresponding to the f irs t second 

of time -- the fir st 50 samples -- of the original recording). 

The results of an at tempt to identify phase s on a noisy record 

are sho\vn in figur e 4. The seismogram ( SY6) in the 10\ver portion of 

the figure was ob tained near Salinas , Cal ifor nia , during a chemical 

explosion near San Franc isco. The di stance f rom the shot point to t he 
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first receiver (upper t r ace) was 112 kilometers . The t imes shown 

in the figure, for the original record and the corre lograms , represent 

times along the dig itized por tion of the record ; t = 0 in the figure 

would correspond to a travel ~ time of 17.37 seconds. 

The dig itized amp l itude s of four traces of SY6 were analyzed 

by multip le correlation ~ for 20 velocities in the range 4.0 ~ v ~ 12.0 

km/sec. The r esu l ting correlograms for three of these velocities 

(8,0, 7. 0 and 6.0 km/sec) are shown in the center of the figure. 

I t can be seen from this plot that two phase s have been identi fi ed 

by the mul tiple corre l a tion program: the fir st , which beg ins at about 

t = 2.9 sec onds , is associated with the phase Pn • and the second , at 

t = 3.9 seconds , i s presumed t o be a phase of the type Pg . The 

correlat ion in Pn i s highest for the 8. 0 km/sec correlogram , while 

for Pg the graph for v = 6.0 km/ sec pre domina tes, 

I n t he upper portion of figur e 4 the correlat ion function 

amplitudes have been plot ted as a function of velocity , for five points 

in t i me designat ed by (a) - (e) on the correlogram . Each velocity 

curve wa s constructed by plotting the value of t he correlation functions 

computed f or the given time, for the 20 different ve l ocities . From the 

ve loci ty curves (d) and (e), the phases Pn and Pg are seen to peak 

sharply at velocities of 7. 7 km/sec and 6. 0 km/ sec. re spec tively. 

The curves plotted for points (a) . ( b) and (c) , with i n the background 

noi s e preceding Pn , are erratic and contain lmv ampl itudes, The large 

nega t ive lobe on curve (e) appears t o have been cau sed by an accidental 

correlation of the noise \·lhich follmv s t he onset of the Pg signaL 
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Th is example serves to illustrate ~~ impor t ant point which was 

mentione d in section II: The me thod of multiple corre l ~tion c~nnot 

be r elied upon to pick the first mot ion, or onset time; of a ~ign~l 

which i s ob scured by high background noi se. The mu ltip'e correlation 

"pick" for Pn f or SY6 is found to be about 0.4 second l ate with r espect 

t o t he t r avel=time curve for t he Salinas region which w~s constr ucted 

using data ob tained at a large number of recording locations during 

several explosions near San Francisco. The onset time i ndicated by 

the correlogram for Pg can~ot be evaluated , since the crustal str ucture 

in this reg ion i s extremely compl icated a~d Pg cannot be traced smoothly 

from one r ecording location to another. 

The final example to bre discussed i s presented i n figure~ S-9, 

In the previous examples , an at tempt was made to identify signal~ in 

the presence of noi se on actual recording~. where little wa~ known 

be forehand regarding the na tur e of the desired signal~ or their actual 

arrival times. For t he prese~t case , a large s ample of recorded noise 

wa s mixed with a P signal, in a manner s~ch that ~he onset ~im~ and 
n 

velocity of the signal , as we ll as the ~ignal-t o~noise (S/N) r atios 

o f the composite recordi~gs, wer e predetermined. 
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Figure 5 illustrates the origina l noise recording 9 the signal » 

and portions of the compodte records for three selected values of 

(1) The six traces of noise ( obtained during recording in Nevada) 

were digitized using a samp ling interval of Oo02 secondo Each of the 

noise traces was r educed by the mean value of its digitized amplitudes» 

and the noise~level of that trace was taken to be the root~mean=square 

(rms) value of the reduced amplitudes o These operations are given by 

t he equations 

1 m 

~ 
i=l 

Slij (5) 
m 

and 

(6) 

where ai j are t he initial digitized amplitudes» Aij are the reduced 

amplitudes 9 m is the total number of samples on a single trace 

(m = 750)» and Nj i s the noise-level of the j~th tra~e o The noise 

level of the 6~trace record i ng was then t aken to be the aV'erage value 

N"" 
1 (7) 
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(2) A P
0 

aignal 0 obtained near Saguache, Col orado (~a 930 kilo

meter aL during the "HARDHAT" expl oaion 9 was digitized over a 2. 2-

second inter wal. The signal was reduced by its mean value, and the 

signal~lewel S was taken to be the rms value of the reduced signal 

SB( 1 -+ 
l1l !;;'[ 

(8) 

(3) the ratio S/N was calculated and factors ck were computed 

such t hat 

( 9 ) 

for values of Ck equal t o 2. 0 0 1.0 and 0.5 . For a given value of Ck, 

the ampli tudes of the six noise t races were multiplied by ck' and the 

signal (which wa.s kept at a constant level) was added to the noise 

record so that its arrival time on the first t race was equal t o 

t = 12.02 seconds 0 and its apparent velocity across the array was 

In figure Sa the original noise and signal samples are shown, 

and in Sb=d portions of the composi te r ecords are presented for the 

three ratios of S/N . In all of the figures, the point of onset of the 

/ 
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Several characteristics of the records in figure 5 should be noted: 

(1) The signal selected for this example is a rather typical P 
n 

signalp and begins in an emergent fashion. The rms value of the first 

half-cycle is les s than the rms value S of the ent ire signal, by a 

fac t or of 2. 5, whi l e the rms value of t he third half-cycle is greater 

than S by a factor of 1.6 , and the peak amplitude of the third half~cycle 

is about equal to 2.4S. Because of these relationships, as will be seen 

below, the onset o f Pn is obscured by noise in the optimum case, when 

S/N • 2.0, while the third half-cycle of signal can be identified by 

multiple correlation for all three cases. 

(2) The noi se-levels of the individual traces vary considerably. 

The third trace is the noisiest and the sixth is the quietest, with 

N3 = 2.6 N6• 

(3) The signal and noise were mixed on a portion of the record 

where the noise level is higher~than-average on traces 1-4. This tends 

to make the values of S/N somewhat smaller over that portion of the 

record containing signal-plus-noise. 

(4) On none of the composite records, figures 5b-d, can the onset 

of Pn be ident ified with confidence. In figures 5b and 5c, some of the 

signal character has been preserved, while in 5d the signal is, for all 

practical purposes , completely obscured by ~oise on traces 1- 5, and 

could be identified on trace 6 only with the previous knowledge that the 

trace contained a signal. 
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Figures 6-9 il lustrate the improvement which can be obtained for 
' ' 

the composite records of figure 5, by summation, cross=multiplication , 

the U. K. technique and mul tiple correlation. 

In figure 6, the traces of each of the composite records have been 

shifted for a velocity of 8.3 km/sec, and the amplitudes summed . The 

values of S/N to the right of the summed traces are those of the or iginal 

records ; t he ampli tude sca le is consistant with the sca le shown for 

figures 5b-d. ( Note: the same holds for figures 7, 8 and 9 ; however, 

the amplitude uni ts in these figures are wrong, and should read mm6 , 

mm2 and mm6 , r espec tively ) . 

On none of the summed traces can the onset of Pn (arrows) be 

identified with certainty. All of these traces, however, contain 

frequency and amplitude characteristics of the original signal which 

are easily differentiated from those of the noise. 

In figure 7, the six traces of the r ecord for S/N = 0.5 have been 

shifted and multiplied together according to equation (2), for v = 8 . 3 

km/ sec. In plotting the amplitudes of p8 •3(t) 9 the ordinate values 

have been connected to the abscissa by straight lines, rather than 

connecting t he ordinate values to one another by a smooth curve . This 

method of plotting tends, perhaps 9 to overemphasize the spiky nature 

of the r esults of cross=multiplication; however, a smooth curve through 

the points would bear a very close resemblance to the spikes in the 

figur e . The spiky appearance of this plot can be easily seen to be due 

to the pr ocess of cross-multiplying the six traces, if one considers the 

result of taking the sixth power of several cycles of a sinusoid. 
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Improvement of a noisy record by summation 
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The signal in figure 7 can easily be distinguished from the noise 

by a comparison of amplitudes, and the signal portion of this trace can 

be more eas ily identified (either by eye. or using a computer to compare 

amplitudes) than that of the lower t race in figur e 6. Two disadvantages 

of the method of cross-multiplication should be noted : (1) frequency 

characteristics of the original s ignal are not preserved in this process, 

and (2) the high level of noise has caused much of the signal portion of 

the trace to have negative values. This is in contrast to the statement 

in section II that if the gi(t) are coherent from trace to tracep and 

the number of traces is even. the time series p (t) will be positive. v 

For automatic , on-line processing of continuous array recording 9 however, 

the technique of cross-multiplication might have advantages, both in 

cost and in presentation of the final trace. over the other techniques 

discussed in this paper. 

The resul ts of analysis by the UK technique and by multiple 

correlation are shown in figures 8 and 9. From these figures it can be 

seen that both of the analyses have c learly identified the maximum 

amplitude of the third half=cycle of the signal, at t = 12.38 seconds. 

for all three ratios of S/N. In addition, the maximum amplitude of the 

second half-cycle, at t = 12.26 seconds, was identified by both methods 

for t he r ecord S/N = 2.0. and by the UK technique for S/N = 1.0. 
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For a comparison of the signal-to-noise improvement of the two 

methods. the maximum amplitudes of the sig~al and noise and the ratio 

of these amplitudes are presented in the fo llowing table ( the maximum 

signal amplitude in a ll cases occurred at t = 13.32 seconds; on figure 

8 the maximum noise amplitude occurs at t = 6. 62 seconds ; on figure 9 

the lar ge s t value of the noise is at t = 6.44 seconds): 

S/N of orig. Maximum signal Maximum noise Ratio of max. 
record amplitude amplitude signal to max. 

noise 

I. Analysis by the UK Technique 

2.0 6.2Xl07 ~ 2. 6Xl06 23.8 

1.0 7.1Xl07 -l.OXl07 7.1 

0.5 8. 7Xl07 -4.3Xl07 2.0 

II. Analysis by Multiple Correlation 

2.0 7.2Xlo17 
=3. 7Xl013 1.9Xl0

4 

17 ~ 2. 4Xl0
15 2 

1.0 9.5Xl0 4.0Xl0 

17 17 
o.s 6.SX10 -1.6Xl0 4.1 

From a comparison of the tabulated amplitudes, as well as a comparison 

of the general appearance of the plotted curves in figures 8 and 9, it is 

concluded that, for the three records under consideration. analysis by 

multiple correlation is preferable to that by the UK method. for identif~ca-

tion of the Pn signal. The latter technique was. however. capable of 

identi fying an earlier portion of the signal for the record S/N = 1.0 , and 

18 



from a consideration of the ratios in the fourth column of the table 9 

this technique might be preferred to multiple correlat ion for phase 

identification where the signal-to-noise ratio of the original 

• recording is less than 0.5. It should also be noted that the maximum 

signal amplitude on figure 9, for t he record S/N = 0.5, wou l d have 

been considerably higher if the large negative signal amplitude s 

obtained in cross-multiplication (figure 7) had been r ec tified be f ore 

integration. 
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